Heme oxygenase (HO)-1 is an inducible stress response protein and well known to protect cells and tissues against injury. Despite its important function in cytoprotection against physiological stress, the role of HO-1 in embryonic stem cell (ESC) differentiation remains largely unknown. We showed previously that induced pluripotent stem (iPS) cells that lack HO-1 are more sensitive to oxidant stress-induced cell death and more prone to lose pluripotent markers upon LIF withdrawal. To elucidate the role of HO-1 in ESC differentiation and to rule out the controversy of potential gene flaws in iPS cells, we derived and established mouse HO-1 knockout ESC lines from HO-1 knockout blastocysts. Using wild type D3 and HO-1 knockout ESCs in the 3-dimensional embryoid body (EB) differentiation model, we showed that at an early time point during EB development, an absence of HO-1 led to enhanced ROS level, concomitant with increased expressions of master mesodermal regulator brachyury and endodermal marker GATA6. In addition, critical smooth muscle cell (SMC) transcription factor serum response factor and its coactivator myocardin were enhanced. Furthermore, HO-1 deficiency increased Smad2 in ESCs and EBs, revealing a role of HO-1 in controlling Smad2 level. Smad2 not only mediates mesendoderm differentiation of mouse ESCs but also SMC development. Collectively, loss of HO-1 resulted in higher level of mesodermal and SMC regulators, leading to accelerated and enhanced SMC marker SM α-actin expression. Our results reveal a previously unrecognized function of HO-1 in regulating SMC gene expressions during ESC-EB development. More importantly, our findings may provide a novel strategy in enhancing ESC differentiation toward SMC lineage.
Introduction
Heme oxygenase (HO) family of proteins includes HO-1, HO-2, and HO-3. HO catalyzes the oxidation of heme to generate carbon monoxide (CO), biliverdin, and ferrous iron [1] . Ferrous iron can induce ferritin expression for iron sequestration while biliverdin is subsequently reduced by biliverdin reductase to bilirubin, a potent endogenous antioxidant [2, 3] . CO has many biological functions including suppression of oxidative stress and inflammation [4, 5] . Of the HO isoforms, HO-1 is inducible whereas HO-2 constitutive and HO-3 less characterized. HO-1 is of particular interest because it is a stress response protein. HO-1 is expressed at low levels under basal physiological conditions; however, in response to various pathological stresses, HO-1 is upregulated to serve an endogenous protective, defense mechanism [6] [7] [8] . We and others have shown that HO-1 protects heart from myocardial injury [9] [10] [11] [12] [13] whereas in blood vessels, HO-1 protects against various vascular diseases such as atherosclerosis, restenosis, and aortic aneurysm [14] [15] [16] [17] . Numerous studies have now established a critical protective function of HO-1 in the cardiovascular and other organ systems [7, [18] [19] [20] [21] . Highlighting the crucial physiological role of HO-1 against various oxidative stresses and inflammation in the human body, there are only two cases of human HO-1 deficiency identified to date and both patients died at a young age of 6 and 15, respectively [22] [23] [24] [25] . The mother of the 6 years old boy had experienced 2 intrauterine fetal deaths [23] , suggesting a critical function of HO-1 in embryonic development.
In addition to protecting against tissue injury, HO-1 has been implicated a role in postnatal differentiation [26] . For example, HO-1-derived CO induces erythroid differentiation of K562 cells [27] , andmesenchymal stem cells (MSCs) can differentiate into many different cell types, including adipocytes and osteoblasts. In MSCs, increased expression of HO-1 shifts the balance of differentiation towards osteoblast lineage; in contrast, a decrease in HO-1 drives MSCs toward adipogenesis [29] . Supporting this notion, HO-1 inhibits preadipocyte proliferation and differentiation at the onset of obesity [30] . Taken together, these studies indicate a role of HO-1 in postnatal differentiation in various cell types.
In view of HO-1 knockout mice were born less than predicted Mendelian distribution [9, 31] and the rare cases of human HO-1 deficiency, HO-1 might have a critical role in embryonic stem cell (ESC) biology, differentiation, and development. Furthermore, it is well recognized that redox homeostasis regulates stem cell renewal and differentiation [32] . ESCs are characterized by low reactive oxygen species (ROS) level and a low capacity to remove extracellular hydrogen peroxide, assessed by a quantitative redox biology approach [33] . During cardiomyocyte differentiation from ESCs, ROS levels are increased [34] . In addition, multiple stress defense mechanisms are downregulated during ESC differentiation [35] . The collective information indicates a crucial role of redox status in ESC differentiation. HO-1 is expressed in undifferentiated human ESCs and is involved in suppressing the allogenic proliferative response of lymphocytes, suggesting involvement of HO-1 in protecting ESCs [36] . To investigate functional role of HO-1 in ESCs, we have previously generated induced pluripotent stem (iPS) to oxidant stress-induced cell death. In addition, during spontaneous differentiation on a monolayer, lack of HO-1 leads to an accelerated reduction of pluripotent marker Oct4 expression [37] . Although we have shown that lack of HO-1 accelerates loss of pluripotency in iPS-HO-1 -/-cells [37] , the effect of HO-1 on differentiation was not addressed. The goal of this study was to elucidate the role of HO-1 in ESC differentiation. To this end and to rule out the controversy of potential gene flaws in iPS cells [38, 39] , we derived and established mouse HO-1 -/-ESC lines from HO-1 -/-blastocysts for the experiments. Here we showed that loss of HO-1 enhanced ROS level at an early time point during embryoid body (EB) development, concomitant with elevated levels of mesendodermal and smooth muscle cell (SMC) transcriptional regulators. Importantly, Smad2, which mediates Activin/Nodal signaling in mesendoderm differentiation of mouse ESCs, was elevated in HO-1 -/-ESCs and EBs. The concerted elevations of these regulators in the absence of HO-1 might orchestrate the accelerated and enhanced expression of SMC marker smooth muscle (SM) α-actin expression. Our results demonstrate a critical role of HO-1 during ESC differentiation in modulating SMC gene expressions.
Materials and methods

ESC culture and in vitro spontaneous differentiation
Mouse ESCs were cultured on mitomycin C (Sigma)-inactivated mouse embryonic fibroblast feeders [37] in ESC medium (DMEM containing 15% FBS (HyClone), 3.7 g/L sodium bicarbonate, 1.7 mmol/L Lglutamine, 0.1 mmol/L nonessential amino acids, 0.1 mmol/L β-mercaptoethenol, 1000 U/mL leukemia inhibitor factor (LIF; Millipore), 100 U/mL penicillin, and 100 µg/mL streptomycin). All culture reagents were from Invitrogen unless stated otherwise. For spontaneous differentiation on a monolayer, D3 wild type ESCs were plated on CellBIND culture dishes (Corning) without feeder in ESC medium omitting LIF [37] . Total proteins were then prepared at different time points after plating to detect HO-1 (Enzo Life Sciences, ADI-OSA-110) and HO-2 (Enzo Life Sciences, ADI-OSA-200) expressions by Western blot analysis as previously described [37] . To measure ROS levels during spontaneous differentiation on a monolayer, D3 ESCs were plated and cultured as described above on 96-well CellBIND culture plates (2 × 10 4 cells/well). Cells at different time points after plating were harvested, suspended in PBS, and incubated with 20 µM carboxy-H2DCFDA (Thermo Fisher Scientific, C400) for 30 min at 37°C. Cells were then washed twice with PBS to remove excess dye. The intracellular ROS accumulation was assessed by measuring DCF fluorescence using Plate CHAMELEON microplate reader (Hidex) with excitation at 485 nm and emission at 535 nm.
Derivation and characterization of HO-1 -/-mouse ESCs
Two HO-1 -/-mouse ESC lines were derived and established from 3.5 days postcoitum blastocysts obtained through intercrossing of HO-1 mice [9,37] using a highly efficient method [40] at the Animal Technology Institute Taiwan. Genotypes of ESC lines were determined by PCR [41] using ESC DNA samples. Karyotypes were determined at the Department of Genomic Medicine, Changhua Christian Hospital (Taiwan). To further characterize HO-1 -/-ESCs, total proteins were prepared and Western blotting performed to detect HO-1 and HO-2 expressions. To determine growth rate, ESC doubling time was measured as described [37] . To examine pluripotency, alkaline phosphatase activity staining was performed with the alkaline phosphatase detection kit (Millipore). To evaluate ESC marker gene expressions, immunofluorescence staining for Oct4 (Santa Cruz Biotechnology, sc-9081) and SSEA-1 (Millipore, MAB4301) was performed and nuclei counterstained with DAPI (Sigma).
Three-dimensional embryoid body differentiation
To mimic embryonic development in a three-dimensional manner, we used a hanging drop method to differentiate ESCs into EBs. Briefly, ESC colonies were dissociated into single cells and suspended in ESC medium without LIF. To induce formation of EBs, 1000 cells were plated in a 20 µL drop hanging on the lid of culture dish and cultured for 3 days. EBs were collected at day 3 and transferred to ultra-low attachment 6-well plate (Corning) containing fresh ESC medium without LIF. For further suspension culture, medium was refreshed at day 5. EBs were harvested at day 3, 5, and 7 for analysis. For Western blot analysis, total proteins were prepared from ESCs and EBs at day 3, 5, and 7 to detect expressions of HO-1, Oct4, brachyury (R&D, AF2085), SM α-actin (Sigma, A5228), SM22α (Abcam, ab155272), or Smad2 (Cell signaling, #3102). The blots were subsequently probed with α-tubulin antibody (GeneTex, GTX112141) to verify loading. To assess Erk1/2 phosphorylation, blots were probed with a rabbit anti-phosphoErk1/2 antibody (Cell Signaling Technology, #9101) and α-tubulin antibody for loading. (Qiagen) with 3-day EB RNAs. To measure mRNA levels of 3 germ layer markers, real-time quantitative PCR was performed using 7500 realtime PCR system (Applied Biosystems) with specific primers (Table S1) to detect GATA6 (endoderm), brachyury (mesoderm), and FGF5 (ectoderm). For normalization, GAPDH was also amplified. Quantitation was performed by the comparative C T method and the mRNA expressions normalized to GAPDH. To measure SMC gene expressions, PCR was performed with the transcribed cDNA with primer sets (Table S1) for serum response factor (SRF), myocardin, SM α-actin, and GAPDH (for normalization). The PCR products were analyzed on agarose gels and quantified using ImageJ.
RNA isolation and reverse transcription-PCR analysis
Measurement of reactive oxygen species (ROS) levels in ESCs and EBs
Cellular ROS levels were measured by flow cytometry essentially as described [42] . Briefly, ESCs and EBs were dissociated into single cells with trypsin and suspended in LIF-free medium containing 20 µM carboxy-H2DCFDA and 5 µM verapamil (Sigma, V4629) for 30 min at 37°C. Cells were then washed with PBS, resuspended in medium containing 5 µM verapamil, and analyzed in a FASCalibur flow cytometry system (BD Biosciences). The median of the gated fluorescence peak was used as an estimate of ROS levels.
Directed differentiation of adipogenesis and osteogenesis
A mouse embryonic stem cell adipogenesis kit (Millipore, SCR100) was used to direct differentiation of ESCs to adipocytes per manufacturer's instructions. 
Flow cytometric analysis of adipocytes and smooth muscle cells
To determine percentage differentiation of adipocytes and SMCs following EB development, cells from D3 and HO-1 -/-7-day EBs were subjected to flow cytometric analysis. EBs were first dissociated by Embryoid Body Dissociation kit (Miltenyi Biotec, Germany), followed by filtering through 70-µm strainers (MACS SmartStrainers) to obtain single cell suspensions. To detect adipocytes, cells were stained with Nile red as described [45] . Briefly, cells were suspended in ice-cold PBS and Nile red (Sigma, stock solution 100 µg/mL in DMSO) added to a final concentration of 0.1 µg/mL, incubated for 5 min, centrifuged, and washed once with PBS. Afterwards, cells were resuspended in an appropriate volume of PBS and kept on ice prior to flow cytometric analysis. To detect SMCs, cells were washed, fixed with 4% paraformaldehyde, permeabolized with 0.1% Triton X-100, blocked with 5% BSA, and then stained with anti-alpha smooth muscle actin antibody-FITC (Abcam, ab8211) or isotype control IgG2a-FITC (Abcam, ab18455). Acquisition was performed using FACS Calibur and cells analyzed using FlowJo software.
Rescue experiments
To chelate CO from D3 EBs, 3-day EBs were collected from the lid of culture dish, suspended in EB medium without or with hemoglobin (Sigma, H7379) (2 and 4 µM) and cultured in ultra-low attachment 6-well plate. The medium was refreshed 2 days later, cultured for 2 more days before 7-day EBs harvested. To increase ROS levels of D3 EBs, 3-day EBs were treated without or with H 2 O 2 (0, 25, 50, and 100 µM) and the medium refreshed after 2 days. Total proteins were prepared from 7-day D3 EBs. To test the effect of bilirubin on HO-1 -/-EBs, 3-day EBs were treated with vehicle (DMSO) or various concentrations of bilirubin (Tokyo Chemical Industry) (2, 5, and 10 µM) or 1 mM N-acetylcysteine (NAC, Sigma, A9165; H 2 O as a vehicle) for 2 days and total proteins prepared from 5-day EBs. To supplement CO to HO-1 -/-EBs, 3-day EBs were suspended in EB medium containing 50 µM CO-releasing molecule tricarbonyldichlororuthenium (II) dimer (CORM2) (Sigma) or the control compound ruthenium (III) chloride (Sigma), cultured in ultra-low attachment 6-well plate for 2 days, and then proteins prepared. Western blotting was performed to detect SM α-actin. To verify loading, blots were subsequently probed with a α-tubulin antibody.
To knockdown HO-1 expression, D3 ESCs were transfected with negative control or HO-1 siRNA (Dharmacon) with Effectene reagent (Qiagen) as reported previously [37] , cells were then cultured in ESC medium for 2 days before proteins isolated for Western analysis. To reexpress HO-1, HO-1 -/-ESCs were transfected with pcDNA3.1 vector or pcDNA3.1-HO-1 plasmid as reported previously [37] and cultured in ESC medium for 2 days before proteins prepared for Western blotting.
Statistical analysis
Data are presented as mean ± SE of at least three independent experiments and analyzed statistically by Student's t-test. P values < 0.05 are considered statistically significant.
Results
Spontaneous differentiation of ESCs on a monolayer induces HO-1 expression
To investigate the involvement of HO-1 in ESC differentiation, wild type D3 ESCs were subjected to spontaneous differentiation on a monolayer and HO-1 expression examined at different time points. Western blot analysis revealed that HO-1 was markedly induced by 3.1 ± 0.2-fold 1 day after LIF withdrawal (P < 0.05, n = 4) and this induction was maintained at day 2 (2.8 ± 0.2-fold; P < 0.05, n = 4) (Supplement Fig. S1A ). Interestingly, HO-1 level quickly decreased thereafter and returned to basal levels at 3 and 4 days. In comparison, constitutively expressed isoform HO-2 did not have substantial changes (Supplement Fig. S1A ). To investigate whether the induction of HO-1 was due to increased ROS during ESC differentiation, we examined ROS levels at different time points. There was a surge of ROS level at day 1 and day 2 following spontaneous differentiation (Fig. S1B) . The enhanced ROS levels at day 1 and day 2 correlated with enhanced HO-1 expression. However, despite a further increase of ROS at day 3, HO-1 level had returned to basal level ( Fig. S1A-B) . At day 4, ROS level remained high, in contrast to basal level of HO-1 (Fig. S1A-B) . Collectively, these results implicate a role of HO-1 during differentiation, particularly at early time points.
Derivation and characterization of HO-1 -/-ESCs
To unequivocally demonstrate the important role of HO-1 in ESC differentiation, we took a loss-of-function approach by deriving and establishing two HO-1 -/-ESC lines (9901 and 9906). The HO-1 knockout genotype of these two lines was confirmed by PCR genotyping with genomic DNA (Fig. 1A) . Western blotting revealed that as with D3 wild type ESCs, HO-1 -/-ESC lines expressed comparable levels of ESC marker gene Oct4 (Fig. 1B) . As shown previously [37] , compared with spleen, D3 expressed a significant level of HO-1 in ESCs (Fig. 1B) . Consistent with knockout genotype, HO-1 protein was not detectable in 9901 and 9906 ESCs while HO-2 levels were similar to that of D3 ESCs (Fig. 1B) . Both HO-1 -/-ESC lines possessed strong alkaline phosphatase activity ( Fig. 1C ) and intense staining of ESC markers Oct4 and SSEA-1, similar to that of D3 ESCs (Fig. 1D ). Karyotyping analysis showed normal karyotypes of HO-1 -/-ESC lines (Supplement Fig. S2 ). Furthermore, as with a short doubling time of D3 ESCs (11.5 ± 0.8 h, n = 4), HO-1 -/-ESC lines also had a short doubling time of 11.2 ± 0.4 h and 11.0 ± 0.4 h for 9901 and 9906, respectively (n = 4 each).
HO-1 deficiency enhances ROS levels and differentiation markers during early EB development
Embryoid bodies are primitive embryonic structures derived from differentiating ESCs and mimic embryonic development in a three-dimensional manner [46] . Given that endogenous ROS are generated during the formation of EBs and serve as signaling molecules in differentiation [34, 47] , we first determined whether lack of HO-1 affected ROS levels in the course of EB formation. Because the two lines of HO-1 -/-9901 and 9906 exhibited similar characteristics, we used one line of HO-1 -/-ESCs (9901) for further experiments. ROS levels progressively increased in both D3 and HO-1 -/-EBs during development ( Fig. 2A) . Despite that ROS levels were not different before EB formation between D3 and HO-1 -/-ESCs, there was a significant surge of ROS levels in HO-1 -/-EBs when compared with that of D3 at 3 days ( Fig. 2A ,
Because embryonic stages equivalent to between implantation and gastrulation occur within the first two days of EB differentiation [46] , we reasoned that elevated ROS at 3 days might affect HO-1 -/-EB differentiation. We thus performed RT 2 profiler PCR array analysis using 3-day EB RNAs to screen for potential ESC-related gene alterations. Interestingly, endodermal markers (such as GATA6 and Sox17) and mesodermal marker the T gene (brachyury) were highly upregulated in HO-1 -/-EBs while ectodermal marker FGF5 did not have much difference (Supplement Fig. S3 ). To verify this finding, we then performed quantitative Real Time-PCR (qRT-PCR) analysis of EBs at different stages from both genotypes. In comparison with D3, HO-1 -/-EBs exhibited significantly elevated GATA6 at 3 days (16.8 ± 1.0 vs. D3 1.8 ± 0.3-fold; P < 0.05, n = 4) and 5 days (26.7 ± 0.3-fold vs. D3 15.2 ± 1.4-fold; P < 0.05, n = 4) (Fig. 2B) . GATA6 was further increased at 7 days to approximately 40-fold but no significant difference was noted in both genotypes (Fig. 2B) . Brachyury, which has a direct role in the early events of mesoderm formation [48, 49] , gradually increased during EB development in D3, 3.6 ± 0.4-fold at 3 days, 8.3 ± 1.2-fold at 5 days, and 4.4 ± 1.6-fold at 7 days (n = 3) (Fig. 2C) . Strikingly, lack of HO-1 rendered a 179 ± 36-fold surge in 3-day HO-1 -/-EBs (n = 3) (Fig. 2C) . However, this robust induction was quickly reduced to 3.6 ± 1.3-and 4.3 ± 1.9-fold at day 5 and 7, respectively (Fig. 2C) . In comparison, expression of ectodermal marker FGF5 was not different between genotypes at 3 days, although the level was lower in HO-1 -/-than D3 EBs at 5 days (n = 4 each) (Fig. 2D) . To confirm the induction pattern of brachyury at the protein level, we performed Western analysis. Brachyury protein was detectable in 3-day D3 EBs (Fig. 2E) . Consistent with qRT-PCR, HO-1 deficiency resulted in a robust enhancement of brachyury proteins, compared with D3 at day 3 ( Fig. 2E) . Interestingly, in 5-and 7-day EBs, brachyury was barely detectable in both D3 and HO-1 -/-EBs (Fig. 2E) . The expression pattern of brachyury suggests a crucial role of HO-1 in regulating brachyury at this early time point. Together, these results indicate a critical role of HO-1 during early differentiation in regulating ROS level and germ layer differentiation, particularly endoderm and mesoderm.
Loss of HO-1 promotes adipogenesis but reduces osteogenesis in directed differentiation
In view of the robust induction of the early pan-mesoderm marker brachyury in the absence of HO-1 (Fig. 2C) , we set out to investigate mesodermal differentiation potential of D3 and HO-1 -/-ESCs in directed differentiation models. After 21 days of T 3 and insulin induction for adipogenesis, Oil Red O staining revealed many lipid-filled adipocytes derived from D3 ESCs (Fig. 3A) . In comparison, substantially more red-stained adipocytes were derived from HO-1 -/-ESCs (Fig. 3B) . To assess adipogenic potential in a quantitative manner, we extracted and quantified red dye at different time points after induction. Lipid content increased in a time-dependent manner post induction (Fig. 3C) . Interestingly, the lipid amount was already significantly higher in HO-1 -/-than in D3 as early as 15 days (2.0 ± 0.1-fold, P < 0.05, n = 4 each) (Fig. 3C) . At 18 days, although lipid accumulation in D3 increased to 1.3 ± 0.3 fold from day 15, HO-1 deficiency further augmented that to 3.5 ± 0.9-fold (P < 0.05, n = 4 each). Culturing in adipogenic medium for additional 3 days (at 21 days) resulted in further lipid accumulation of D3 to 1.8 ± 0.1-fold (P < 0.05 vs. 15 days, n = 4 each). In comparison, lack of HO-1 significantly raised that to 3.9 ± 0.7-fold (P < 0.05 vs. D3, n = 4 each) (Fig. 3C) , consistent with the data that more adipocytes were derived from HO-1 -/-ESCs (Fig. 3B) .
We next examined differentiation potential of ESCs toward another mesodermal lineage-osteoblasts. Twenty-one days after directed osteogenic differentiation, von Kossa staining for calcium and phosphate minerals showed plenty of mineral deposition (black color) in cells derived from D3 ESCs (Fig. 3D ). In contrast with D3, mineral deposition was notably reduced in cells derived from HO-1 -/-ESCs (Fig. 3E ).
Higher magnification further revealed the intense black staining in D3 when compared with HO-1 -/-cells ( Fig. 3F-G) . Together, these results indicate that lack of HO-1 increases adipogenic but decreases osteogenic differentiation capacity, similar to the findings in MSCs by pharmacological manipulations [29] .
Loss of HO-1 accelerates smooth muscle α-actin expression during EB development
Given that HO-1 exerts opposing effect on adipogenesis and osteogenesis, we wanted to further clarify the role of HO-1 in mesodermal differentiation. To this end, we examined another mesodermal lineage-smooth muscle cells (SMCs). SM α-actin is a major constituent of the contractile apparatus of SMCs in several organ systems, including vascular, respiratory and gastrointestinal systems, contributing to tissue structure and function. Therefore, we measured SM α-actin expression during EB differentiation. In the course of EB development, HO-1 expression level notably decreased to 0.66 ± 0.10-fold in 3-day D3 EBs (vs. ESC, P < 0.05) and further reduced to very low levels in 5-and 7-day EBs (0.09 ± 0.04 and 0.10 ± 0.04-fold, respectively; vs. ESC, P < 0.05). This pattern of HO-1 expression in EBs differed from that of monolayer spontaneous differentiation, in which HO-1 was induced initially (Supplement Fig. S1 ). Nonetheless, modulation of HO-1 level indicated a role of HO-1 during EB development. HO-1 was not detectable in HO-1 -/-EBs at all stages ( Fig. 4A-B) . The stem cell marker Oct4 decreased to 0.81 ± 0.07-fold (vs. ESC, P < 0.05) after 3 days (Fig. 4A, C) . Compared with D3, loss of HO-1 resulted in an accelerated reduction of Oct4 to 0.48 ± 0.08-fold in 3-day EBs ( Fig. 5A, C ; vs. D3, P < 0.05). Oct4 further decreased to very low levels in 5-and 7-day EBs in both genotypes (Fig. 4A, C) . As expected, SM α-actin was not detectable in ESCs or 3-day EBs (Fig. 4A) . Interestingly, although SM α-actin was not detectable in 5-day D3 EBs it was notably expressed in 5-day HO-1 -/-EBs (vs. D3, P < 0.05; Fig. 4A, D) . Additional 2 days of EB development led to substantial SM α-actin expression in 7-day D3 EBs (2.82 ± 0.42 fold of 5-day HO-1 -/-EBs, P < 0.05), whereas HO-1 deficiency enhanced SM α-actin level to 5.46 ± 0.55 fold (P < 0.05, vs. 7-day D3; Fig. 4A, D) . To further confirm that loss of HO-1 enhances SMC differentiation, we examined another SMC maker SM22α. Both SM α-actin and SM22α contain CArG elements (CC(A/T) 6 GG) in their genes for SMC-specific expressions. Western blot analysis revealed that as with SM α-actin, HO-1 deficiency increased SM22α in 5-and 7-day EBs in comparison with D3 (Fig. S4) . These results suggest that lack of HO-1 accelerates and enhances SMC differentiation during EB development.
HO-1 deficiency promoted adipogenesis in directed differentiation (Fig. 3A-C) and enhanced SM α-actin expression during EB development (Fig. 4A, D) ; however, it was not clear whether loss of HO-1 rendered EB differentiation more prone to adipocytes or SMCs. We thus investigated the percentage differentiation of adipocytes and SMCs in 7-day D3 and HO-1 -/-EBs. Nile red was used to stain for adipocytes and SM α-actin antibody for SMCs in flow cytometric assays. Interestingly, Nile red-positive cells were barely detectable (0.13 ± 0.07% and 0.04 ± 0.04% in D3 and HO-1 -/-, respectively) (Fig. S5A, B, E) . In contrast, there were 26.6 ± 1.2% SM α-actin-positive cells in 7-day D3 EBs and loss of HO-1 increased the percentage to 45.8 ± 1.2% ( Fig.  S5C-E ; vs. D3, P < 0.05). These results indicate that after 7 days in the EB differentiation model, there is significant SMC development while adipogenesis is minimal. These data further support the notion that deficiency of HO-1 enhanced SM α-actin expression and SMC development.
Because lack of HO-1 significantly enhanced ROS levels at day 3 during EB development ( Fig. 2A) , we tested whether elevated SM α-actin expression was due to increased oxidant level at the early time point. At day 3, we treated D3 EBs with increasing concentrations of H 2 O 2 and harvested EBs at day 7 for Western analysis. Indeed, H 2 O 2 increased SM α-actin proteins (Fig. 4E) . One of the reaction products of HO-1 is CO, which has important physiological functions. Thus, we treated 3-day D3 EBs with different concentrations of hemoglobin to chelate CO. Interestingly, CO chelation also increased SM α-actin levels (Fig. 4E) . We next performed rescue experiments by treating 3-day HO-1 -/-EBs with bilirubin (one of the HO-1's reaction products and an antioxidant). Bilirubin dose-dependently reduced SM α-actin expression (Fig. 4F) . To confirm the antioxidant effect of bilirubin, we used another antioxidant NAC to treat HO-1 -/-EBs. As with bilirubin, NAC decreased SM α-actin level (Fig. 4F) . Compared with control compound RuCl 3 , exogenously adding CO releasing molecule CORM2 also decreased SM α-actin level (Fig. 4F) . CO is well known for its antiinflammatory and anti-proliferative effects; however, the mechanisms by which CO affects SMC differentiation during EB development are unclear. Although CO can increase oxidative stress [50] , a recent report showed that low concentrations of CO could reduce ROS generation, enhance intracellular glutathione and superoxide dismutase levels [51] . Therefore, it is possible that HO-1 deficiency resulted in a reduced CO concentration and further contributing to increases of ROS. Collectively, these data demonstrate that HO-1 exerts its effects via the reaction products and loss of HO-1 accelerates and enhances mesodermal SM α-actin expression during EB development.
Absence of HO-1 accelerates serum response factor and myocardin expression during EB development
The transcription factor SRF has been demonstrated to be an essential regulator of mesoderm formation by targeted gene deletion experiments [52, 53] . Studies show that SRF binds to CArG element and mediates many smooth muscle-specific marker gene expressions [54] . However, SRF itself does not possess strong transcriptional activity and is not specifically expressed in SMCs. It was later discovered that myocardin, expressed specifically in smooth and cardiac muscles, is a potent transcriptional coactivator of SRF and strongly activates expressions of SMC marker genes, such as SM α-actin [55] [56] [57] . Loss of myocardin leads to early embryonic lethality and failure of mesoderm- derived dorsal aortic SMC differentiation [58] . Thus, we examined SRF and myocardin expressions during EB development. RT-PCR analysis revealed that although SRF level increased following EB formation in both D3 and HO-1 -/-cells (Fig. 5A-B) , lack of HO-1 resulted in a significantly higher level of SRF in 3-day EBs (Fig. 5A-B) . Myocardin was not expressed in ESCs but detectable in 3-day EBs, and increased to 2.1 ± 0.2 and 5.7 ± 0.6-fold (of D3-EB3) at 5-and 7-day D3 EBs, respectively (Fig. 5A, C) . Compared with D3, myocardin was significantly elevated in HO-1 -/-5-and 7-day EBs (5.30 ± 0.4 and 9.0 ± 0.7-fold, respectively). The greatest difference was observed in EB5, 5.3 ± 0.4 vs. 2.1 ± 0.2-fold of D3 (Fig. 5A, C) . SM α-actin was detectable after 5 days in HO-1 -/-but not D3 EBs (Fig. 5A, D) . When SM α-actin of HO-1 -/ -EB5 was set as 1, loss of HO-1 substantially increased SM α-actin expression in EB7 to 5.0 ± 1.1-fold compared with 2.3 ± 0.4-fold of D3 (Fig. 5A, D) . The greatest difference of SM α-actin expression between D3 and HO-1 -/-EBs occurred at day 5, which coincided with that of myocardin. Taken together, our results suggest that absence of HO-1 accelerates induction of SRF at day 3 and its coactivator myocardin at day 5, leading to accelerated and enhanced expression of SM α-actin.
Smad2 in pluripotency and SMC differentiation
TGFβ/Activin signaling is crucial for the self-renewal and pluripotency of human ESCs [59] . The downstream effectors Smad2/3 participate in the signaling switch that controls self-renewal and differentiation [60] . Further, Smad2, but not Smad3, is essential for the maintenance of pluripotency in human ESCs and mouse epiblast stem cells [61] . In contrast to human ESCs, Smad2 is not required for selfrenewal of mouse ESCs downstream of Activin/Nodal signaling [62] . Intriguingly, Smad2/3 mediates, at least in part, TGFβ-induced SMC marker gene expressions, such as SM α-actin [63, 64] and contributes to SMC differentiation [65] . To determine whether Smad2 contributes to HO-1-mediated SM α-actin expression during EB development, we examined Smad2 levels in ESC-EB system in the presence or absence of HO-1. Western blotting revealed that Smad2 level was significantly higher in HO-1 -/-than D3 ESCs (Fig. 6A-B ). Smad2 expression was downregulated following EB formation at day 3 in both genotypes and then gradually increased thereafter at 5 and 7 days (Fig. 6A-B) . Interestingly, HO-1 -/-EBs maintained a significantly higher level of Smad2 than D3 at 3 and 5 days, and had enhanced expression of SM α-actin at day 5 and 7 ( Fig. 6A-C) . This pattern of expression suggests that higher levels of Smad2 in HO-1 -/-ESC-EB are associated with accelerated and higher expression of SM α-actin in HO-1 -/-than D3 EBs (Fig. 6A-C) . In addition to Smad2, Erk1/2 signaling cascade has been shown to trigger transition of pluripotent ESCs from self-renewal to lineage commitment [66] , we thus examined Erk1/2 activation in our EB system. Similar to Smad2, phospho-Erk1/2 was higher in HO-1 -/-than D3 ESCs and downregulated following EB formation at day 3 in both genotypes and then gradually increased thereafter at 5 and 7 days (Fig. 6D) . Intriguingly, compared with D3, phospho-Erk1/2 levels were higher in HO-1 -/ -EBs at 5 and 7 days (Fig. 6D ). These data suggest that an absence of HO-1 elevates phospho-Erk1/2 levels during EB differentiation, which in combination with increased Smad2 might contribute to enhanced mesodermal maturation.
To determine whether HO-1 regulates Smad2 expression, we knocked down HO-1 level in D3 ESCs by siRNA. Western analysis showed that compared with control siRNA, transfection of HO-1 siRNA reduced HO-1 level to 0.62 ± 0.07-fold of control (P < 0.005, n = 3) and increased Smad2 expression to 1.15 ± 0.01-fold (P < 0.005 vs. siControl, n = 3; Fig. 6D ). Conversely, transfecting HO-1 -/-ESCs with HO-1 expression plasmid resulted in re-expression of HO-1 when compared with vector control (Fig. 6E) , and reduced Smad2 level to 0.80 ± 0.07 fold (P < 0.005 vs. vector, n = 4; Fig. 6F ). Together, these results indicate that loss of HO-1 in ESCs enhances Smad2 expression, contributing at least in part to accelerated and higher expression of SM α-actin.
Discussion
HO-1 is well known to protect cells and tissues from injury. Our previous study shows that loss of HO-1 renders iPS cells more prone to lose pluripotency and more sensitive to oxidant stress-induced cell death [37] . However, the function of HO-1 in ESC differentiation is largely unclear. In the present study, we established mouse HO-1 -/-ESC lines and used these cells to investigate the role of HO-1 during ESC Given that ESCs are characterized by low ROS level [33] , it is not surprising that HO-1 is not required for maintaining pluripotency. As such, we were able to establish HO-1 -/-ESCs displaying pluripotent markers (Fig. 1) . On the other hand, numerous studies have shown that the processes of differentiation increase ROS levels, which serve as signaling molecules for differentiation [35, 47] . Indeed, ROS level progressively increased in D3 during EB development ( Fig. 2A ). Correlating with increased ROS level, HO-1 expression was downregulated in D3 in the course of EB development (Fig. 4A-B) , implicating involvement of HO-1 in modulating ROS level. In support of this notion, we found that compared with D3, loss of the antioxidative HO-1 resulted in enhanced ROS level at the early 3-day time point during EB development ( Fig. 2A) . In parallel, mesendodermal transcription factors were significantly upregulated (Fig. 2B-C) . In particular, there was a robust surge of the mesodermal master regulator brachyury (Fig. 2C) , which is essential for mesoderm but not for endoderm formation [67] .
Intriguingly, brachyury protein was detectable mainly at day 3 in both D3 and HO-1 -/-EBs (Fig. 2E) . Brachyury expression occurs in early stage mesoderm, and the period of high-level expression of brachyury in HO-1 -/-cells coincides with the time of mesoderm formation [48, 49] . Intriguingly, the robust expression of brachyury corresponded with upregulation of SRF at day 3 ( Fig. 5A-B) . The importance of SRF in contributing to mesodermal gene expressions of ESCs has been demonstrated using SRF -/-ESCs, which display a defect in mesodermal differentiation [53] . Moreover, binding of SRF to CArG element is a critical step in activating SMC-specific gene expressions [65, 68] . Following SRF elevation, lack of HO-1 enhanced expression of myocardin, a strong transcriptional coactivator of SRF and a key component of a molecular switch for SMC differentiation [55] (Fig. 5A, C) . The collective induction of regulators that control SMC gene expressions are likely to contribute to accelerated and enhanced SMC gene expressions of HO-1 -/-EBs (Fig. 4A, D of mouse ESCs [62] . Supporting this view, we found that higher level of Smad2 in HO-1 -/-ESCs did not alter ESC characteristics, including short doubling time and stemness markers. Despite that Smad2 is not required for the maintenance of pluripotency, Smad2 is essential for proper lineage commitment, especially of mesendoderm [62] . Decreasing Smad2 expression results in loss of pluripotent gene expressions and an increased expression of brachyury [61] . In line with this, we found that in D3, there was a reduction of Smad2 and an increase of brachyury following differentiation-after 3 days of EB formation (Figs. 2 and 6 ). Although similar to D3, there was a reduction of Smad2 in HO-1 -/-3-day EB from day 0, its level was higher than that in D3
( Fig. 6A-B) . Intriguingly, higher level of Smad2 in HO-1 -/-3-day EB correlated with the robust induction of brachyury (Fig. 2C) . It is tempting to speculate that although higher level of Smad2 in HO-1 -/-ESCs did not affect pluripotency, it rendered HO-1 -/-ESCs more prone to differentiate toward mesodermal lineage when a differentiation cue is present. It is likely that higher level of Smad2 caused an exaggerated induction of brachyury at the critical early time point. Alternatively, robust induction of brachyury might be the result of enhanced ROS level due to loss of HO-1. A role of Smad2 in SMC differentiation has been well established. TGFβ signaling through Smad2/3 contributes to the development of SMCs from mouse ESCs in differentiation studies [70] . Furthermore, Smad2/3 mediates, at least in part, TGFβ-induced SMC marker gene expressions, including SM α-actin [63, 64] and contributes to SMC differentiation [65] . In agreement with this concept, the return of Smad2 level at later time points might be important for SMC gene expressions (Fig. 6 ). Further supporting this view, it has been shown in human ESCs that brachyury interacts and collaborates with Smad2/3 signaling to regulate the expression of its target genes in a cell-specific manner [67] . As such, Smad2 and brachyury, together with SMC regulators SRF and myocardin, might orchestrate in a coordinate manner to drive SMC gene expressions. In addition, Erk1/2 signaling cascade has been shown to trigger transition of pluripotent ESCs from self-renewal to lineage commitment [66] . Indeed, compared with D3, Erk1/2 activation was enhanced in 7-day HO-1 -/-EBs, suggesting Erk1/2 may also participate in regulating mesoderm SMC differentiation.
In conclusion, using HO-1 -/-ESCs rather than iPS cells, we demonstrated that HO-1 is not required for self-renewal and pluripotency of mouse ESCs; instead, HO-1 plays a critical role in modulating mesodermal SMC expressions during differentiation. HO-1 might exert its effect during differentiation through regulating ROS level and subsequent modulations of mesodermal/SMC transcriptional regulators. More importantly, our findings may provide a novel strategy in directing ESC differentiation toward SMC lineage. In addition, organoids derived from HO-1 -/-ESCs might provide a platform for therapeutic drug screening for HO-1 deficiency-related diseases.
